Lignocellulosic wastes and by-products containing lignin are now available in large 2 amounts from forestry and industrial activities, and could be promising organic materials 3 for the biosorption of pesticides by soils in order to reduce point-source pollution. Adding 4 these materials to soil requires understanding the process of pesticide sorption-desorption 5 by wood-soils, as sorption capacity could increase, with changes in pesticide 6 bioavailability and final fate. The objective of this work was to study the effect that pine 7 and oak wood added to soils had on the sorption/desorption of the pesticides linuron, 8 alachlor, and metalaxyl. Experiments were conducted with two sandy loam and sandy clay 9 soils each amended with two wood doses (5% and 50%) after different incubation times (0, 10 5 and 12 months). A low wood dose (5%) had no significant impact on the sorption (K f ) of 11 alachlor, but K f increased for linuron (up to 5.4-1.7 times) and metalaxyl (up to 3.2 and 8.6 12 times) in all wood-soil systems. The results were not significantly different after different 13 incubation times. The desorption results indicated that wood decreases the sorption 14 irreversibility of alachlor, and increases that of linuron and metalaxyl, with a varying effect of 15 the wood-soil incubation time. The addition of a high wood dose to soil (50%) was more 16 significant for increasing the sorption of all the pesticides, and the sorbed amounts remaining 17 after desorption (>49% for linuron, >33% for alachlor and >6% for metalaxyl), although 18 there was no apparent discrimination between the two types of woods. The role of the 19 nature of the wood (K oc values) for sorption was evidenced for alachlor and metalaxyl, but 20 not for linuron. These outcomes are of interest for extending wood application to soil as a 21 barrier for avoiding environmental risk by point-source pollution due to the use and 22 management of pesticides in farming systems. 23
Introduction 27
Pesticides are used in modern farming to increase food production. However, surface 28 and ground water contamination has been detected in recent years, possibly due to 29 inadequate pesticide management (Herrero-Hernández et al., 2013; Papadakis et al., 2015; 30 Ccanccapa et al., 2016) . Point-source pollution caused by accidental spillages when filling 31 a tank or cleaning spraying equipment has been identified as a major contamination risk 32 (Castillo et al., 2008; Karanasios et al., 2012) . To reduce this pollution, the use of natural 33 organic materials or modified inorganic materials as barriers for enhancing the retention of 34 pesticides by soils has been attracting growing attention for some years now (Rodríguez-35 Cruz et al., 2007a; Marín-Benito et al., 2012a; Tran et al., 2015; Álvarez-Martín et al., 36 2016a; Centofanti et al., 2016) , because organic matter (OM) plays an important role in the 37 sorption of these compounds. These techniques enhance the initial immobilization of 38 pollutants in the barrier, and their subsequent chemical, physical and biological 39 transformation (De Wilde et al., 2009) . 40
The biodegradation of pesticides after the addition of organic materials to soil may 41 occur because the application of an additional source of OM, and sometimes 42 microorganisms, accelerates the degradation of pesticides (Kravvariti et al., 2010; García-43 Delgado et al., 2015; Pinto et al., 2016) . Most of these organic materials or biomasses can 44 in fact allow the development of fungi producing extracellular ligninolytic enzymes that 45 promote pesticide degradation (Castillo and Torstensson, 2007) , preventing their transport 46 to surface and ground waters (De Wilde et al., 2009) . However, by decreasing thebioavailability of pesticides owing to their increased sorption capacity, the addition of an 48 organic residue to soil may also decrease pesticide degradation (Briceño et al., 2007; 49 Kravvariti et al., 2010; Álvarez-Martín et al., 2016b) . Accordingly, there is increased 50 interest in evaluating the sorption-desorption capacity of pesticides by the biomixtures of 51 soil-organic residue as the principal component in the barrier system, which is the main 52 5% w/w, equal to 40 t C ha -1 , similar to other organic residues (Rodríguez-Cruz et al., 145 2012) , and ten times higher at 50% w/w, equal to 400 t C ha -1 , to examine the effect of the 146 wood dose and its nature. The soils' initial moisture content was adjusted to 40% of their 147 maximum water-holding capacity. A fraction of unamended AL-soil and CM-soil and both 148 soils amended with the low dose (5%) of wood was incubated in a thermostated chamber at 149 20°C and 40% of water-holding capacity for 0, 5 and 12 months. Sub-samples were 150 analyzed to assess OC content. The results are included in Table 1 . 151 152
Effect of the incubation time of wood-amended soils on pesticide sorption/desorption 153
The isotherms of the sorption of 14 C-linuron, 14 C-alachlor and 14 C-metalaxyl by the 154 soils and wood-soil mixtures after 0, 5 and 12 months of incubation were obtained using 155 the batch equilibrium technique. Triplicate samples (5 g) of both AL-soil and CM-soil 156 amended with oak and pine at dose 5% were treated with 10 mL of an aqueous solution of 157 each pesticide at concentrations of 1, 5, 10, 15, 20, and 25 mg L -1 , and at an activity of 100 158 kBq L -1 . The soil:solution ratio was adapted to obtain a suitable sorption according to the 159 OECD guideline (OECD/OCDE, 2000) . The suspensions were shaken intermittently at 2-3 160 h intervals for 24 h in a thermostated chamber at 20°C. They were subsequently 161 centrifuged at 5045 g for 15 min, and the pesticide concentrations were determined. 162
Preliminary experiments showed that a contact for 24 h was long enough for equilibrium to 163 be reached. The amount of pesticide sorbed (C s ) was considered to be the difference 164
between that initially present in the solution (C i ) and that remaining after equilibration (C e ) 165 with the soil or wood-soil. After sorption equilibrium had been reached, 5 mL of 166 supernatant was removed from the sorption equilibrium solution and immediately replaced 167 by 5 mL of deionized water for the desorption study of pesticides. The resuspended 168 samples were shaken at 20°C for 24 h, after they were centrifuged, and the amount of 169 pesticide desorbed was measured. This desorption procedure was repeated four times for 170 each sample. 171
The sorption and desorption data of all the pesticides were fitted to the linearised 172 form of the Freundlich equation: log C s = log K f + n f log C e or log C s = log K fd + n fd log C e , 173
where C s (mg kg −1 ) is the amount of sorbed pesticide, C e (mg L -1 ) is the equilibrium 174 concentration of pesticide in solution, and K f or K fd (mg 1−nf kg −1 L nf ) and n f or n fd are the 175
Freundlich sorption or desorption coefficients and nonlinearity coefficients, respectively. 176
The hysteresis coefficients of the desorption isotherms (H) were also calculated (H = n f /n fd ). 177 178
Effect of wood dose on pesticide sorption/desorption by soils 179
The sorption of 14 C-linuron, 14 C-alachlor and 14 C-metalaxyl by triplicate samples of 180 wood-soil at the dose of 50% w/w was determined as a single-point concentration based on 181 the highest concentration used for the isotherms (25 mg L −1 ). The procedure to determine 182 the amount of pesticide sorbed was similar to that previously indicated. Pesticide desorption was also studied as previously indicated (i.e. desorption 188 procedure was carried out four times for each sample), with calculation of the amounts of 189 pesticides initially sorbed (Sorb%), desorbed (Des%) and sorbed after desorption or net 190 sorption (n-Sorb %), i.e., sorption minus desorption. 191 192
Analytical determination of pesticides 193
The quantity of 14 C-alachlor, 14 C-linuron and 14 C-metalaxyl after sorption was 194 determined on a Beckman LS6500 liquid scintillation counter (Beckman Instruments Inc., 195 Fullerton, CA). The equilibrium solution's radioactivity was measured in disintegrations 196 per minute (dpm), and was determined in 1 mL of supernatant to which 4 mL of 197 scintillation cocktail (Ecoscint TMA, National Diagnostics, Atlanta, GA) had been added. 198
The dpm value recorded was related to the dpm obtained for aliquots of the respective 199 standards of the pesticide solutions. Determinations were performed in duplicate for all the 200 solutions, and the coefficient of variation was always <2%. Solution quenching was 201 corrected with chemical quench curves generated using 14 C-standards purchased from 202 Tables S2-S4 in the  217 Supplementary Material show the sorption and desorption coefficients (K f and n f , K fd and n fd ) 218 determined from this equation. 219
All the isotherms obtained for linuron and some of those obtained for alachlor were 220 nonlinear L-type ( Fig. 1 and 2) , with n f values ranging from 0.77 to 0.93 (Tables S2-S3 in the  221 Supplementary Material); whereas those of metalaxyl were linear for wood-soils ( Fig. 3) (n f 222 values 0.95-1.07) and of S-type (n f values 1.12-1.67) for both unamended soils (Table S4 in  223 the Supplementary Material). For alachlor, these isotherms can be considered linear at 0 m 224 and 12 m, and resemble a C-type (Fig. 2) because the n f values fall within the range 225 established by Pignatello et al. (2006) for an isotherm to be considered linear, with n f values 226 merely from 0.95 to 1.02 for both combinations of both soils amended with oak and pine 227 (Table S3 in The effect that the application of pine or oak woods to the soils at the lower dose 248 (5%) had on pesticide sorption varied, increasing or decreasing, depending on different 249 factors. This effect was negative for the sorption of alachlor by wood-soils. Initially, the 250 sorption of alachlor by oak amended AL-soil was similar to unamended AL-soil 251 (LSD=0.569, p=0.08), while the sorption of alachlor by oak or pine amended CM-soil 252 decreased significantly relative to unamended soil (LSD=0.593, p=0.001) ( Table S3 in the  253 Supplementary Material). Compared to the non-incubated wood-soils, the K f coefficients 254 did not record any significant change after the incubation of wood-soil for five and 12 255 months. The evolution of the wood applied to soil was evident over time, since the OC 256 content of the wood-soil systems decreased by 20%-35% (Table 1) . However, the sorption 257 capacity of this herbicide was not significantly modified except for AL-soil+oak. The 258 results indicate that the application of wood to soil at the low dose (5%) did not report an 259 increase in alachlor sorption, although considerable sorption of alachlor by pine and oak 260 woods (without soil) has been observed (Rodríguez-Cruz et al., 2007b Conversely, the K f coefficients of linuron and metalaxyl for the wood-soils 273 increased significantly compared to the corresponding unamended soil (Tables S2 and S4  274 in the Supplementary Material). However, the influence of the type of wood (pine or oak) 275 on the sorption of both pesticides was not significant, although Rodríguez-Cruz et al. 276 (2007b) have reported the higher sorption of pesticide by pine than by oak due to its higher 277 lignin content. The K f sorption constants of the pesticides for the wood-soils after different The reversibility of pesticide sorption by wood-soils was studied by desorption 294 isotherms from samples initially treated with 25 mg L -1 of linuron, alachlor and metalaxyl 295 after 0, 5 and 12 months of wood-soil incubation ( Fig. 1-3 ). As the desorption data did not 296 match those of the sorption isotherm, the desorption isotherms showed hysteresis in 297 varying degrees for all the pesticides and treatments considered. The hysteresis coefficients 298 obtained were constantly > 1 for both unamended and wood-soils (Tables S2-S4 in the  299 Supplementary Material), indicating that the desorption process was not fully reversible. 300
According to the H coefficients, the higher hysteresis was obtained for alachlor 301 desorption (Table S3 in the Supplementary Material). The H values for the unamended 302 soils were very high (16.2 (AL-soil) -11.3 (CM-soil)), being 2.5 and 1.5 times higher than 303 the mean H values for wood-soils. The presence of wood at the dose of 5% in the soils 304 enhanced alachlor desorption. These results are in agreement with the sorption ones, since 305 higher sorption irreversibility was observed for the unamended soils, and decreased in the 306 wood-soils. The K fd values for the AL-soil+oak were in general higher than for the AL-307 soil+pine (LSD=3.184, p=0.001), and an increase in sorption irreversibility at the longer 308 incubation time was observed in both systems. However, in the CM-soil, the K fd values for 309 soil+pine or oak were not significantly different (LSD=4.113, p= 0.000), and sorption 310 irreversibility either decreased or was similar with incubation time. Accordingly, the 311 bioavailability of alachlor in the wood-soils would depend on the type of amended soil, 312 being enhanced over time in the CM-soil, with a higher sorbent capacity after the addition 313 of wood. 314
The desorption isotherms of linuron showed hysteresis, although the K fd values of 315 the unamended soils were not statistically different to the wood-soils, which indicates that 316 the wood did not enhance the desorption of linuron, as occurred in the case of alachlor. 317
Furthermore, in the wood-soils, K fd value increased with the incubation time in the CM-318 soil+pine or oak (LSD=7.941, p=0.031), and AL-soil+pine (LSD=7.430, p=0.259), which 319 meant an increase in desorption hysteresis (Table S2 in the Supplementary Material). The 320 formation of bound residues of this herbicide has been reported in soils amended with sewage 321 sludge, grape marc or SMS (Marín-Benito et al., 2014) , and could explain the increase in 322 sorption irreversibility because its bioavailability decreased over time. 323
When considering the desorption data of metalaxyl, it is interesting to note that the 324 desorption coefficients increased significantly in the wood-soils (LSD=1.973, p=0.001 (AL-325 soi) and LSD=3.022, p=0.043 (CM-soil)). In the AL-soil, K fd values were higher for AL-326 soil+oak than for AL-soil+pine, but this was not observed in the CM-soil (Table S4 in the  327 Supplementary Material). Sorption irreversibility increased in both wood-soils, although it 328 decreased over time due to a significant increase in desorption, conversely to the desorption 329 results for linuron and alachlor indicated above. Hence, an initial increase in metalaxyl 330 sorption by the wood-soils would be followed by an increase in its bioavailability over time. 331
A similar effect has been reported by Marín-Benito et al. (2012b) for metalaxyl in soils 332 amended with SMS after different incubation times. 333 334
Effect of wood dose on pesticide sorption/desorption by soils 335
The effect of the application of a high dose (50%) of wood as a soil amendment was 336 studied to evaluate its use in real scenarios for the retention of the pesticides involved in 337 point-source pollution. Table 2 and Fig. S1 in the Supplementary Material include the 338 sorption and desorption results of linuron, alachlor and metalaxyl by AL-soil and CM-soil 339 with the high dose (50%) of the two woods applied, and with the low dose (5%) for 340 comparison purposes at an initial concentration of pesticides (25 µg mL -1 ). The results are 341 expressed in terms of K d distribution coefficients, sorbed amounts relative to initial amount 342 added (Sorb%), desorbed amounts (Des%), and net-sorbed amounts (remaining after 343 desorption) (n-Sorb%) of pesticides for soils and wood-soils after four consecutive 344 desorption cycles. 345
Among the different pesticides, the maximum sorption and minimum desorption 346 corresponded to alachlor in the unamended soils. Thus, a maximum peak of n-Sorb% of 347 25.9% was determined for this pesticide in CM-soil, whereas only minimum peaks of n-348
Sorb% of 1.53-1.78% were observed for metalaxyl in both soils (Table 2) . When the 349 woods were applied at a low dose, only n-Sorb% of linuron and metalaxyl increased, but 350 pesticide sorption by soils increased in all the conditions when the woods were applied at a 351 high dose (p<0.05). Pesticide sorption by wood-soils recorded a maximum peak of n-352 Sorb% >49% for linuron in both soils with a high dose of wood applied, whereas values of 353 n-Sorb% >33% and >6% were observed for alachlor and metalaxyl in similar conditions. 354
The mean increases or decreases in n-Sorb% were 1.4-1.3 times (linuron), 2.4-2.3 355 times (metalaxyl), and 0.9-0.7 times (alachlor) in AL-soil and CM-soil with a low dose of 356 wood. Increases were observed in all cases for n-Sorb% by AL-soil and CM-soil with the 357 high dose of wood compared with the unamended soils: 6.6-4.7 times (linuron), 2.0-1.4 358 times (alachlor), and 4.1-3.6 times (metalaxyl). 359
The results were outstanding for soils with a high dose of wood applied, and they 360 were consistent with the high increase in OC content of wood-soils with respect to the 361 unamended ones (24-33 times (AL-soil) and 11-17 times (CM-soil)) ( Table 1) . A 362 significant linear correlation was found between sorption parameters (K d , %Sorb and n-363 Sorb%) and the OC contents including all the samples examined for each pesticide. These 364 simple linear correlation coefficients (r) were in the 0.964-0.985 (p<0.001) range for 365 linuron, 0.920-0.981 (p<0.001) for alachlor, and 0.933-0.975 (p<0.001) for metalaxyl. 366
However, only a significant negative correlation was found between %Des and OC content 367 for linuron (r=0.704 p<0.05), indicating that OC helped to increase linuron sorption, but 368 did not enhance its desorption, and hence decreased the bioavailability of the compound 369 sorbed by the wood-soil system. 370
In relation to the effect of the OC nature of the unamended soil and soils with oak 371 and pine wood with different lignin content, values of K d related to 100% of OC (K oc ) were 372 calculated ( Table 2) 
Conclusions 396
The results reveal that the addition of wood to soils did not significantly increase the 397 sorption of all the pesticides by both the soils studied. The response of the soil to oak or 398 pine wood treatment at a low dose (5%) was more evident for linuron and metalaxyl in 399 both soils, and for alachlor in the sandy loam soil, because alachlor sorption by the wood-400 sandy clay soil at a low dose decreased compared to sorption by the unamended soil. Table S2 . Table S3 . Table S4 . a SD, standard deviation of the mean value (n=3). b LSD, Least significant difference among treatments and times for each soil. Means followed by the same letter do not differ significantly at p<0.05. Fig. S1 . Sorption distribution coefficients (K d , L kg -1 ), sorbed amounts relative to 25 µg mL -1 initial concentration added (Sorb%), desorbed amounts after four successive desorption stages (Des%), and net-sorbed amounts (remaining after desorption, n-Sorb%) of linuron, alachlor and metalaxyl for unamended AL-soil and CM-soil and both soils amended with the low dose (5%) and high dose (50%) of oak and pine woods without incubation. Error bars represent standard deviation of the mean value (n=3). Different letters in bars indicate significant differences among treatments for each parameter and soil (p<0.05).
